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Abstract 


A technique for determining the eondudtance per unit area of thermal control 
cbatlngs for "electrostatically clean" spacecraft fa described, in order to siinu- 
late Orbital conditions more closely, current-density-voltage (j-V) curves are 
Obtained by a contactless method in which the paint on an aluniinum substrate is 
tte anode of a vacuum diode configuration with a tungsten filament cathode. Con- 
ductteces per unit wea which satisfy the International Sun Earth Explorer <ISEE) 
requirement of J/V = lO"® A/V cm2 have been observed On black paints containing 
carbon and in white and green paints filled with ilnc oxide which has been "fired" 
in order to Induce defect conductivity. Because of surtace effects and the non ' 
homogenous nature of paints, large discrepancies are found between measure- 

***? cohtactless method and ineasurements emplCying metallic contacts, 
partictdarly at lOUr current densities. Therefore, measurements with metallic 
contacts are considered to be of questionable Value in deciding the suitability Of 
coatings for electrostatic charge control. 


i. INTROIDUCTION 


In Order to minimise interference of spacecraft charging with low enei^ 
plasma and electric field measuremems on the iSee missions, potential differences 



b^ween dark and illuminated seetldiis df the apaeeeraft surface are to be kept to 
lees than 1 Volt. Under net durreftt densities (j) Of about 10‘® A ora’^ resulting 
from photoeldotrons and plasma eleotrons in IS££ orbits* oonductanoe per unit 
area of E/A = j/v ^ lo”® A cm’^ v’^ are therefore reouired of thermal oontrol 
ooatliigs over metal surfaces. In terms of material parameters, this requirement 
can be expressed as 

^ = R. A = p‘d*l6®SlcM^ (1) 

where 0 is the specific resistivity in n cm and d the thickness of the coating In cm. 
For their product the term "area resistance" seems to be appropriate. Since it is 
also the product of a resistance. R, and the area. A, over which it is measured. 

Thermal control paints are tsrpically 5 • 10“® to 10"^ cm thick, and resistivi- 
ties of < 10^^ ft cm are therefore required. Inorganic paints, particularly those 
based on zinc oxide and alkali silicates, were considered as promising candidates 
with "semiconducting" zinc Oxide as pigment. Their preparation, optical proper- 
ties. and environmental stability are described in a previous paper. ^ 

By expressing the resistivity requirement in the form of Eq. (i). one tacitly 
assumes that— at Constant temperature-p is a true material parameter, indepen- 
dent o£ voltage, that iS. the conduction mechanism is ohmic in nature. In wide gap 
Semiconductors and insulators, however, ohmic conduction is the mcceptioh. rather 
than the rule, because it occurs only if the concentration Of (thermally generated) 
free, or conduction, electrons far exceeds that of Injected (space charge) electrons. 
Since the conCeiUration of thermal electrons in insulators is small and injected and 
trapped charge densities are strongly field dependent, conduction in thin films Of 
insulators or semiconductors is Strongly voltage dependent with the Ohmic (linear) 
portion of the j-V curve Occurring at lew voltages, where it is easily obscured by 
contact effects, that is. by interface po*eatials at the semiconductor-cOntact inter- 
face. Recognizing that conductivity is both voltage and electrode dependent. We 
prefer to express the "conductivity specification" as a conductance-per-unit-area 
requirement in the form 

^ > 10‘® Acm"^ for V « 1 Volt (g) 

With the added Stipulation that such conductance be measured under conditions 
closely Simulating those of the actual application, that iS, with a "free"— or con- 
tactleSs— sti:*face in an electron plasma. Such a contactless te. hnique has been 
described by Bentlage at el. ® and applied to determine the changes in conductance 
resulting from Surface contamination Of conductive coatings. iVe hiVe adapted this 
method to the measurement Of thermal control paints and other spacecraft coatings . 
in the course of deveicq>ing conductive paints for the ISEE program. 
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2.--MEASIIIIEMENT SEtUP AND PROdEDlillE 


The test SetUh aa flchetiaatieaUy shown in Flguf e 1 is a vacuum diode configura- 
tion consisting of a4ungsten filament cathode and 2 symmetrically arranged anodes. 
Both anodes are 2. S cm diameter aluminum die s. One of which is covered On one 
Side With the coating to be measured and the otli«. serves as reference diode. They 
are mounted in a copper block, which can be heated and cooled by means of copper 
coils through Which liquid Ng or hot air is passed. Electrical insulation Of the 
anodes against the copper block is provided b/ a Teflon mount and an effective 
anode Surface of 1 cm area is defined by an aperture in the form of a copper ring 
preceding the anode. This aperture is directly a^ached to the copper block, which 
is at ground (cathode) potential. 



Figure 1. Schematic of Test Setup for the 
Contactless Measurement Of Paint Desist^ 
anees (Lower f»art). and its fcduivalent 
Piectrlcai Circuit (tipper Part). The 
reference anode, arranged symmetrically 
to the filament, is not Shown 




Filament powef la supplied by a current regulated dc power au]^ply 
voltage by either a bipolar^' or positive regulated power s’iPPiy* ^ u r 
ana eurrent are measured by means o^ a high impedance 0 2- 10 ^‘8‘tal 

voltmeter^'*’ and digital picoamp-meter. respectively. All electrical cortwc 
tions are made by means of Shielded cables, permitting Current measurements 

abrve a noise current of approximately 2 • 10 amperes. , ^ ^ ^ 

The eduivalent circuit of the measurement setup can be represented by a re- 
sistance. R.. in series with the internal resistance of the diode and an 
equal to the^work function difference between the paint and its substrate 
Accordingly, the conductance per unit area of the paint is ^ 

ference in Slope of the j-V curves Of the reference diode, and of the (painted) tAe 
urement diode of equal area. A. as Illustrated in Figure 2. For a given current 
density, j. the anode voltage V^. across the measurement diode 

= jR • A + than that across the reference diode. For j 0, thi dtffe 
ence becomes equal to and the conductance per unit area of the pSlnt .san be 
determined as 


/ 

\ a) 


paint 


■ 


(A cm'^v"^) 


(3) 


The conductance of the reference diode at current densities of 10‘® A cm'^ 


-6 -2 f -1 

< j < lO"^ is Of the order of 5 • 10 A cm V 


which determines the upper 

limit of conductance values that can be reliably measured as approximately 
10''^ A cm’^ the lower limit iS^set by the nOlse current and.a maximum ano 

voltage of ~ 200 V as ~ lO"^^ A cm" V" . 


^^^Kepco Model Ck8 - 5 MHS 

(P>KepC0 Model bop 72, -76 V < < +70 V 

^®’Kepco Model HB 4 AM, for 0 < V^< 360 V 

^’^^MUltlmeter H. P. 34' 

^®^Keithly Model 446 
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Figure 2 . fyiileal Current^ density 
vS Voltage Curves fdr the Referende 
Anode (Aluminum) add Anodes 
Fainted with vu^lous Zino Okide- 
Silieate Paint? (Solid Curves). 
Caloulated curves for "ohmie" 
coatings ha^ng c^ea resistances 
of 10‘ ft cm*. 10® 0 cm" and 10® ft 

mtm2 *Udi Abrtitt afl 


the reference anode (Al) are shown 
for comparison. Real paints are 
characterised by a change in work 
function ( ) and a vOltage>dependent 
conductance per unit area 


3. COAflNGS 

the inorganic coatings investigated here are modifications of a previously de- 
veloped stable, white pairrt. designated as MS-?4. this flight-proven coating is 
formtJated with calcined Cine okide pigment of the type SP-30O (New Jersey Zinc) 
and potassium silicate as vehicle. Ry substituting "conductive" ainc okide for 
SP-SOO, electrically conductive coatings can be prepared. Commercially available 
conductive Okides as well as "fired" SP-500 have been investigated with potassium 
silicate, sodium silicate, and a mixture of lithium and potassium silicate as binders. 
The "firing" process consists cf heating the SP-SOO to 1150*C fOr 15 min in air. The 
process employed for the commercial oxides HC 6l5 and HC 238 are proprietary to 
the manufacturer. The lattice defects introduced by these processes result in donor, 
acceptor, and trapping centers that not only govern the Charge transport but also 
act as color centers and therefore affect the optical properties as well. Consider* 
able effort was, therefore, expanded to arrive at coatings which meet both the 
conductance requirement of j/V > 10“® A cm‘^ and solar absorptance require- 
ment of ftg ^ 0. 3 of the "white" areas of the ISEE Spacecraft. For the main body of 
the satellite, thermal design called for a green paint Of dig " 0.6# which has been 
achieved by adding - 2 percent of cobalt okide to the zinc oxide before firing. For 
black surfaces, a commercial, carbon filled polyurethane paint iChemgiate H322) 

with etc B 6. SO and e » d. 86 was recommerded. We include measurements of this 
S n 
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p.l« Mcause 1. marked al«B««ce b«««n ca^ ylBBB Bdn . 

dudtoAda valued and eondueialwe measupad with metallic g-p 


4. results AND ANALYSIS 


4.1 GonUctledd 

topical cenducttBce ve vdltage curved arc dh«« In Figure S. At iw 
curreS^dcneitj- Increaued linearly irttn voltage (Ohm’e Law) wnlcn can be ewred-ed 


as 


J 


“o«%T 


(4) 





Hgure 3. CbnduetSfteS Per 
Jnlt Arsa aS a Puiustlon bf 
for Varldus Zlnts- 
JaldeySlUcata CotobiftatibijS and 
6r* rartoA (Chomgiaae H-322) 
irtd Cbrtductlve Zlnc CMtlde In 
Pbiyu^ethans 


SS2 



! 
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When the v&ltage Is Inefeased, eurrent density incpeosefl quadratically with 
voltage (Child's Law), or the eondlietaftee increases llnoarly with voltage. This 
charaeterlstie le typical of Spaee Charge Limited Conduetanco (SCLC), that is, of 
charge transport governed by the intoractlen of injected (space) charge Wi.h trapping 
centers of the material, whoso energy levels lie between the steady state Fermi 
level and the conduction band. According to the theory of SCLC, summarized In 
Figure the relationship between current density,..-!, and voltage, V, is given by 


d 


9n9tt 


9 . v2 


8d'“ 


(5) 


Where n$ is an effective mobility, c the dielectric constant and d the thickness of the 
material. The trapping factor, $ , Is the ratio of free space charge, (In the 
conduction band) and the trapped space charge p^, under equilibrium conditions and 
Is given by 






( 6 ) 


where Is the density of states in the conduction band and N.^, the density of elec 
tron traps at an energy E,p beidw the conduction band, situated at energy E^. 



Figure 4. Space Charge Limited J-V 
Characteristic for art insulator Containing 
Shallow Traps 
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4.2 Temperatute Dependence! 

tt is apparSM-firotn fiqs. <5) and (6) that the tempeMiture dependence df the 
effective Mobility, or of the conductivity, will give the position of the trap levet iA 
the band gap. For our standard paint MS^t4 (SP-500 iniC-siUcate). the tempera- 
ture dependence Is plotted in Figure 5. * from vdiich the energy Of the trap level is 

obtained as (F^ - E.^) ~ d. tS ± 0. 05 eV in good agreement with published values for 

high-reslstlvity. Li-doped ZnO. ^ It is important to note here that conductivity 
variations from sample to sample of the same batch are of the order of a factor 
3 to 5. and to point out that measurements on a different batch Showed the same 
temperature dependence and variation- within the batch, but conductivity was about 
10 times higher overalL We attribute these variations to the heat treatment In- 
herent in the measurement procedure, in which the samples are heated to ~ 200*C 
for various lengtiis of time and measured while cooling. Room temperature eon- 
ductivities of MS-14 which has never been heated are about 100 times higher than.. 
those shown in Figure 5. After heating to 300‘C for 30 min, a decrease in conduc- 
tivity by a factor of lO to 20 was noted. Preliminary experiments on fired SP-500 In — 
Na- silicate did not reveal any dependence on heat treatment, but further work is 
required to establish the mechanism responsible for this effect. 


Figure S. Temperature Dependence 
of the Area Resistance of MS-74 
Paint. (SP-500 in Potassium-Silicate) 


60 1(W 166 200 

T«e 

*These data in Figure 5 were obtained at DFVlR, Braunschweig, Dermany« with 
liquid gallium contacts. 




4.3 tkade-ott Between Solar Abao'iptanee andXonilttekance 

As was- alludsd to earlier, the "fltihg" process which results -n increased 
electrical conductivity of alnc OSride,^ also Induces color centers^ In-tiie case of 
SP-SOO, Ae oxide turns yellow and solar absorptance increases from 0. 2 to 0,4. 
The cotoductive corotaetelal oxide HC 016 also has ah Og of - 0.4. In attempts tC 
produce whiter paints while staying witbm the iSfifi conductance specification, we 
investigated mixtures of the highly conductive formulation (3, a = HC 016 In Ha- 
SUlcate) and our standard white paint MS-74 (l,c = SP-500 InH-slllcate). The 
results are summarized in Figure 6 from which It IS apparent that paints having 
conductance-per-umt-area of 2 10‘® A cm'^V^ and solar absorptances of <0.3 
cannof, be obtained by this approach. Whether a better trade-off can be achieved 
by variattOnS of the temperature, time, and atmosphere of the zinc oxide firing 
procese remains to be Investigated, 



Figure 6. Solar Absorptance 
<(kg) and conductance Per 
Unit Area as a Function of 
the Mixing Ratio for Mixtures 
of a Conductive Paint 
(S,a <• HC 016 Z aO In 
Na-Slllcate). and a White, 
Non-CondUctlVe Paint 
MS-?4 (1,C « SP-500 ZnO 
in K*^lllcate) 
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4.4 CMi^drieon of Contact And ContActlew MeaautemcAU 

In general conductance obtained with sllvev fialnt contacts show the same 
atfong voltage dependence, but ate higher by up to devetal decades than those Ob- 
tained by the contactless method and they are higher in air than in vacuum. The 
differences between the two metheds in vacuum is most pronounced for paint fornm^ 
latlons in which the conductivities of pigment and binder are orders of magnitude 
apart, as illustrated in PigUte 7 for carbon and conductive zlnO Oxide in polyur- 
ethane. fhe commercial black paint Chemglaze H-322 (5 weight % carbon) 
appears about 10® times more conductive \:ith metal electrodes than with the 



Figure 7. comparison of 
Conductance Values of 
Carbon/Polyuremane and 
2 inc-omde / Polyurethane 
Paints Obtained by Measure- 
ments with Ag- Paint Contacts 
(Solid Lines) and by Contact- 
less Measurements (Broken 
Lines) 
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eleetl!Oki plasma as Suz^aee contact. In the ease of the mOne heavily loaded zinc 
oxide/poiytirethane paint, thedifference is about a factor of 10^ which, at least in 
part. Is due to the lower conductivity of ainc okide as compared to carbon. The 
different results obtained by the two contacting techniques can perhaps be qualita- 
tively understood as being due to the heterogeneous nature of paints on a micro- 
scopic scale. As a dispersion of a "conductive" phase (the pigment) in a "non- 
conductive" dielectric (the binder), the paint Surface, consisting of conductive 
islands in a non-conductive matrix charges to a highly nOn-uniform surface poten- 
tial, with insulating areas essentially at cathode potential and conductive areas at 
abode potential, respectively. The effective potential, which governs the anode 
current, is a complex function of absolute and relative island geometry, that is, 
of particle Size and concentration of the pigment. With a metallic contact, on the 
other hand, the Surface becomes an equipotential surface. The resistive areas are 
"shorted out" and the measured conductance is the sum of the conductances of all 
conductive paths through the Sample, and therefore mainly a characteristic of the 
conductive component alone, rather than of the paint as a whole. 


5. CONCLUSIONS 

Thermal control paints which meet the iSBiS conductances specification of 
j/ V S 10”® A cm”® v” ^ at V = 1 volt and T 300 K have been formulated with Semi- 
conducting zinc oxide pigment and alkali silicate binders. As in semiconductors, 
their charge transport properties are strong functions of Voltage and temperature 
and depend on both pigment and binder. Because of surface effects and the hetero- 
geneous nature of paints, order-of-magnitude discrepancies are found between 
conductance values measured with metallic contacts and those obtained with a 
contactless method employing a thermal electron plasma in vacuum, in the evalua- 
tion of surface coatings for electrostatic charge control on Spacecraft, careful 
definition of measurement parameters and Of appropriate measurement techniques 
ai^ therefore essential. 
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